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We report on observation of the time reversal symmetry breaking in an unpolarized neutrons
scattering experiment based on a nonreciprocal cell consisting of two magnetic mirrors placed in
an external magnetic field. The neutron transmittivity through the system is measured. The time
reversal symmetry holds for coplanar magnetic configuration, meaning that the transmission does
not vary when the neutron source and detector are interchanged. In the case of a noncoplanar
magnetic structure, though, the time reversal symmetry breaks down. Understanding the origin
of the nonreciprocity of scattering for spin 1/2 particles opens up new possibilities in the field of
nonreciprocal spintronic device development.
PACS numbers: 76.60.Lz 25.40.Dn 61.05.fj 85.75.-d
I. INTRODUCTION
Behavior of a spin 1/2 particle in an inhomogeneous
magnetic or exchange field is one of the most fundamental
problems in condensed matter physics. The Schro¨dinger
equation for an electron interacting with the exchange
field of ferromagnet provides the basis for spintronics
which is an actively growing area of fundamental and ap-
plied research currently1. Numerous physical phenomena
in magnetic systems are described using this equation: gi-
ant magneto-resistance2,3, topological Hall effect4,5, cur-
rent induced torques6–8 and etc. A similar equation de-
scribes neutron behavior in magnetic medium9 which is
the subject topic of magnetic neutronography. Polariza-
tion9 and Zeeman splitting of a neutron beam in non-
collinear field10–12, neutron spin echo13 and etc. can be
understood using Schro¨dinger equation with Pauli term
i~
∂ψˆ
∂t
=
[(
pˆ2
2m
+ V (r)
)
Iˆ − µn (σˆ ·B (r))
]
ψˆ, (1)
where pˆ is the momentum operator, V (r) is the scalar po-
tential, B is the magnetic field, m and µn are the mass
and the magnetic moment of neutron, Iˆ is the unit ma-
trix, σˆ is the vector of Pauli matrices and ψˆ is the spinor
wave function. The equation does not include interac-
tion of magnetic field with the particle charge. This is
valid for neutrons since they are neutral particles. Some-
times it is a reasonable approximation for electrons in
ferromagnets where the exchange field is rather strong
and one can neglect the Lorentz force. For electrons, one
should substitute the exchange constant for magnetic mo-
ment µn and unit vector along the local magnetization
for magnetic induction.
Let us denote S(k′,k,B(r)) as a differential cross-
section (DCS), i.e. scattering in an element of the solid
angle. In terms of scattering of unpolarized particles
the time reversal symmetry can be expressed as the reci-
FIG. 1. (Color online) (a,b) Demonstration experiment of
nonreciprocal neutron transmission. Unpolarized neutrons
are emitted from a source (S) and registered with a detector
(D). The beam successively reflects from mirrors with magne-
tizations M1 and M2. The neutron spin precesses in external
magnetic field B between the mirrors. When magnetizations
are perpendicular the successively reflection of the neutron
beam are different in the direct (a) and time-reversed (b)
processes.
procity theorem14,15
S(k,k′,B(r)) = S(−k′,−k,−B(r)), (2)
where k,k′ are the momenta of the incident and scattered
neutrons andB(r) is the magnetic induction distribution.
We refer to the scattering in a certain system is called
ar
X
iv
:1
41
2.
32
22
v2
  [
co
nd
-m
at.
me
s-h
all
]  
25
 M
ar 
20
15
2reciprocal if the DCS is the same for direct (k→ k′) and
”time-reversed” (−k′ → −k) processes (below we use the
term ”time-reversed” without quotes)
SR(k,k′,B(r)) = SR(−k′,−k,B(r)). (3)
Time reversal symmetry breaking and nonreciprocal scat-
tering occur when the direct and time-reversed scattering
processes are not the same
SNR(k,k′,B(r)) 6= SNR(−k′,−k,B(r)). (4)
One of the best-known examples of nonreciprocal pro-
cesses is the light transmission through the Faraday cell.
The necessary condition for nonreciprocal light scatter-
ing is the absence of spatial and time reversal symme-
tries (presence of magnetic field or magnetization)16. The
microscopic mechanism for nonreciprocal light scattering
are the Lorentz force and spin-orbit interaction. Neither
of these effects is the case for neutrons, hence, they do
not appear in Eq. (1). It means that the requirements
for observation of nonreciprocal phenomena for neutrons
and other particles described by Eq. (1) are more strin-
gent. Below we discuss an additional symmetry of the
DCS as a specific property of the Schro¨dinger equation
with Pauli term Eq. (1). Scattering of light does not have
such additional symmetry. In the paper we show that it
is possible to create nonreciprocal cell for neutrons.
Understanding the origin of nonreciprocal scattering
for spin 1/2 particles opens new possibilities for devel-
opment of nonreciprocal spintronic devices. Recently a
magnetic diode using the nonreciprocal behavior of elec-
trons was proposed17. This device consists of two fer-
romagnetic leads separated by non-magnetic metal layer
placed into external magnetic field. The ferromagnetic
leads serve as spin polarizer and spin detector. In the
middle layer the electrons spins precess around an exter-
nal field. This geometry is very much the same as what
we used in the experiment discussed in the paper.
The time reversal symmetry breaking in Eq. (1) leads
to several physical phenomena. The topological Hall ef-
fect was predicted4 and observed for electrons in mag-
netic Skyrmions5. A similar effect was also predicted for
neutron diffraction on MnSi crystal18. Violation of the
time reversal symmetry may lead not only to Hall-like
effects, but also to other kinds of nonreciprocal phenom-
ena, such as diode effect and persistent electrical cur-
rent in mesoscopic magnetic rings with a noncoplanar
magnetization distribution19,20. Thus, the time reversal
symmetry properties of Eq. (1) are significant for a wide
variety of physical problems.
Due to the strong symmetry of Eq. (1) the scattering
of neutrons is always reciprocal in systems with coplanar
magnetic field even if a system lacks of spatial inversion
symmetry. It can be demonstrated as follows. The DCS
is symmetric with respect to rotation Rˆθn of magnetic in-
duction B by the same angle θ for each point of a system
around arbitrary axis n21
S(k,k′,B(r)) = S(k,k′, RˆθnB(r)). (5)
FIG. 2. (Color online) Two types of measurements. Two
mirrors placed in front of each other (orange slabs). (a) Two
measurements with different glancing angles (α and −α) but
with fixed external magnetic field are performed. Neutron
beams from sources S1 and S2 correspond to direct and time-
reversed processes (see text). (b) Two measurements with
opposite sign of external magnetic field but with fixed source
and detector are performed. Beam passage through the sys-
tem with different sign of magnetic field corresponds to direct
and time-reversed processes.
For coplanar magnetic field (e.g. when only x and z com-
ponents of the field are non-zero) −B = RˆpiyB, and in
accordance with (2) and (5) we arrive at Eq. (3). In non-
coplanar magnetic systems, the rotation around any axis
cannot compensate the inversion of the magnetic field
sign and the elastic scattering becomes nonreciprocal.
II. TOY MODEL
The theory of nonreciprocal reflection of neutrons was
proposed in our previous work21. A successive reflec-
tion of unpolarized neutrons from three mirrors with non-
coplanar magnetizations was shown to be varying when
the neutron source and detector were interchanged. We
adopt three mirrors system for the demonstrational ex-
periment.
Consider neutrons successively reflected by two ideal
mirrors placed in an external magnetic field (see Fig. 1).
When the external magnetic field is perpendicular to the
mirrors magnetizations the transmission amplitude is ex-
pressed as
Aˆ = RˆyTˆϕRˆx, (6)
where Rˆx = exp (iσˆxpi/4)
(
Iˆ + σˆz
)
and Rˆy =(
Iˆ + σˆz
)
exp (−iσˆypi/4) are the reflection amplitudes
from the corresponding mirrors and Tˆϕ = exp (iσˆzϕ/2)
is the Larmour precession in the external field with the
corresponding phase. The amplitude of the time-reversed
3FIG. 3. (Color online) Neutron transmission through copla-
nar system in the external field 18 Oe. Red solid line is direct
process, blue dashed line is time-reversed one.
transmission is obtained by replacing of σˆx ↔ σˆy matri-
ces in (6). The intensities of direct and time-reversed
transmission are
I± = Tr
[
ρˆAˆ†Aˆ
]
= (1± sinϕ) /4, (7)
where ρˆ = Iˆ/2 is the density matrix of unpolarized neu-
trons. The transmission in coplanar configuration can be
calculated by substituting σˆx instead of σˆy in (6). The
intensities are equal and described by the following ex-
pression I± = (1 + cosϕ) /4.
As we have shown above the cause of nonreciprocity is
the noncommutativity of the spin 1/2 algebra. This non-
commutativity provides the basis for theoretical predic-
tion of persistent electrical currents in mesoscopic mag-
netic rings with a noncoplanar magnetization distribu-
tion19,22.
III. EXPERIMENT
The experimental setup is as follows. Two parallel
magnetic mirrors were placed in front of each other (see
Fig. 2). The mirrors were the CoFe films deposited by
magnetron sputtering on glass substrates 140× 50 mm2.
The thickness of films is about 115 nm. The coercive
force is about 150 Oe and the remanent magnetization is
90-95%. Similar magnetic properties of CoFe films were
observed earlier23. High quality glass plate of d = 500
µm thickness is placed between the mirrors. The plate
controls the intermirror gap and parallelism of the mir-
rors. The construction is placed in the perpendicular
weak homogeneous field induced by two equal magnetic
coils. The lateral sizes of the coils are 1000 × 200 × 150
mm3 and the external field varies in range 10-30 Oe.
The external field is weak, so we can neglect the Zee-
man beam-splitting of the reflected neutron beam11,12.
FIG. 4. (Color online) Neutron transmission through non-
coplanar system in the external field 18 Oe. Red solid line is
direct process, blue dashed line is time-reversed one.
Neutrons were emitted from a source S and succesively
reflected by the mirrors, as shown in Fig. 2. Glancing
angle α is 7 mrad. This angle is in the interval between
the first and second critical angles for 3-6 A˚ neutrons due
to the corresponding nuclear and magnetic potentials of
CoFe films and substrate (glass). The polarization effi-
ciency of the mirror is about 80%. Twice reflected neu-
trons are registered by a detector D. The neutron source
for the experiment is pulsed reactor IBR-2M of Joint In-
stitute for Nuclear Research in Dubna.
According to definitions in Eqs. (3) and (4) to inves-
tigate nonreciprocal effects one needs to measure the in-
tensity of transmitted neutrons before and after the in-
terchange of source and detector. Practically, this means
rotation of the entire mirror system as a whole by the
angle pi around the x-axis. Such a rotation cannot be
performed with a high precision. Therefore we did two
types of experiments which are equivalent to measure-
ment with a source-detector interchange.
In the first experiment (see Fig. 2(a)) we measured the
transmittivity of neutron beam incident at the angle α.
The beam was first reflected by bottom mirror and then
by the upper mirror. After that we measured the trans-
mittivity of neutron beam incident at angle −α. In this
case the order of reflections was different. We can show
that this experiment is equal to transmission for direct
and time-reversed processes. Imagine a system where
the source and detector are interchanged (S1 → D1 and
D1 → S1). Let us rotate the system as a whole by the an-
gle pi around the z-axis. After such rotation we use the ro-
tational symmetry (5) and rotate only the magnetic fields
by the angle pi around the z-axis. These transformations
are equal to the changing of sign of the glancing angle
α (Fig. 2(a)). In the second experiment we measured
transmission for fixed source and detector. We did two
measurements with different signs of the external mag-
4FIG. 5. (Color online) Neutron transmission through copla-
nar system in the external field 18 Oe. Red solid line is direct
process, blue dashed line is process with reversed field.
netic field (see Fig. 2(b)). Using symmetry relations (5)
and the reciprocity theorem (2) one can show that this
experiment is also equivalent to the measurement of re-
flectivity for direct and time-reversed processes. We also
performed reference experiments with the coplanar sys-
tem in which magnetizations of both mirrors are along
the y-axis.
Experimental dependencies of the transmission coeffi-
cients on the z-component of the wave vector are shown
in Fig. 3-6, where kz =
2pi
λ sinα , λ is the neutron wave-
length. The common property of these curves is the os-
cillatory behavior. These oscillations originate from the
Larmour precession of the magnetic moment of the neu-
tron in the external field. Indeed, the reflection coeffi-
cient of the neutron from the second mirror depends on
the relative orientation of its magnetic moment and the
magnetization direction of the mirror. The reflection is
maximal (minimal) when these magnetic moments are
parallel (antiparallel). Taking into account, the fact that
after reflection from the first mirror the average neutron
magnetic moment is perpendicular to the magnetic mo-
ment of the second mirror, the condition for observation
of maximum transmission through the system has the
form ϕ = pi (n+ 1/2) , n = 0, 1, 2... where ϕ = ωτ is the
phase of the magnetic moment of the neutron, precessing
with a frequency ω = µnB/~ ≈ 105 1/sec in the external
field B during time of flight τ = dλm2pi~ sinα from the first
to the second mirror, d/ sinα = 7 cm is the length of the
neutron path between mirrors. In our experiment the
neutron magnetic moment makes approximately two full
turns between the mirrors
ϕ = (µnBdm)/(~2kz) ≈ 10. (8)
Observation of fundamental difference between direct
and time-reverse processes in the case of noncoplanar
magnetic field distribution is the main result of our work.
FIG. 6. (Color online) Neutron transmission from noncopla-
nar system in the external field 18 Oe. Red solid line is direct
process, blue dashed line is process with reversed field.
In Fig. 3 and 4 the transmittivity at a different glancing
angle sings (α→ −α) for coplanar and noncoplanar con-
figurations are shown. Fig. 5 and 6 illustrate the trans-
missions for inverse external field B → −B. For coplanar
magnetic field distribution the direct and time-reversed
transmissions are actually identical with our experimen-
tal accuracy. The experimental precision is determined
by several factor: the goniometer accuracy (0.3 mrad),
the neutron beam divergence (about 0.6 mrad) and the
external field time fluctuations (0.5 Oe per day). For
noncoplanar field distribution the situation is completely
different: the maximum transmittivity value in direct
process corresponds to the minimal transmittivity in re-
versed process and vice versa. The relative difference
in the transmission coefficients of the direct and inverse
processes is up to 75% (Fig. 6). We calculate correlation
function to analyze difference between direct (red solid
lines) and time-reversed (blue dashed lines) reflections24.
It is shown on the insets in Fig. 3-6. Tk =
pi~2k2z
µnmd
1
B is the
quasiperiod of intensity oscillation. The quasiperiod is
calculated for kz = 0.008 A˚
−1. The correlations for the
cases of coplanar and noncoplanar magnetic field distri-
bution are different. For coplanar system the correla-
tion has one maximum near zero. In other words the
direct and time-reversed transmissions in coplanar field
are equal within the accuracy of our experiment. On the
contrary the correlations for noncoplanar field have two
maxima near one half of phase period. The intensities
of direct and time-reversed processes are counter phased,
which suggests that the transmission is nonreciprocal.
IV. DISCUSSION
Our experiment is very similar to neutron spin echo
(NSE) experiment13. Each magnetic mirror is the bound-
5ary with sudden change of the magnetic field because the
mirrors’ magnetizations are perpendicular to the exter-
nal (guide) field. In this respect our mirrors are very
much the same as the pi/2-flipper of the NSE experiments
as in Ref.13. For all parallel magnetizations we have
straightforward measurement of NSE oscillations similar
to observed in Ref.13. The conventional NSE experiment
means that the pi/2-flippers have parallel magnetic fields.
In the noncoplanar configuration the magnetizations of
our mirrors are perpendicular to each other and this is
the main difference from NSE experiments.
Besides the considered system is a nonreciprocal cell
for neutrons similar to the nonreciprocal Faraday cell for
light. Both cells consist of a polarizer, analyzer and a
phase shifter. In our case they are the magnetic mir-
rors and magnetic field in the gap between the mirrors.
There is a fundamental difference, though, between our
system and the Faraday cell, being in that the fact that
photons are bosons. The difference in the transmission
intensities in the forward and reverse direction for a Fara-
day cell is proportional to ∼ sin(2γ), and for neutrons
cell it is proportional to sin(γ), where γ is the angle be-
tween the polarizer and analyzer (magnetic moments of
the mirrors in the considered case). Note that the non-
reciprocal cell, similar to the one studied in our work,
can be realized for electrons. The spin precession of elec-
tron has been observed experimentally25 by measuring
the conductivity of the conductor between the two ferro-
magnetic electrodes placed in a perpendicular magnetic
field. In these experiments the magnetic moments of the
ferromagnetic electrodes were parallel or antiparallel and
the whole magnetic system was coplanar. If the elec-
trodes were arranged perpendicular to each other, the
magnetization distribution in the system could be non-
coplanar and nonreciprocal effect can be observed. Such
a situation was theoretically considered in Ref.17. A Rec-
tification effect appearing due to non-commutativity of
spin algebra was predicted. The essential peculiarity of
electrons is that they propagate through the middle layer
diffusively. This leads to relaxation of the electron spin
at characteristic length ls and restricts the length of the
middle layer d < ls.
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